In northern Mongolia, at the southern boundary of the Siberian boreal forest belt, the distribution of 12 steppe and forest is generally linked to climate and topography, making this region highly sensible to 13 climate change. Detailed investigations on the limiting parameters of forest and steppe occurrence in 14 different ecozones provide necessary information for environmental modelling and scenarios of 15 potential landscape change. In this study, remote sensing data and gridded climate data were 16 analyzed in order to identify distribution patterns of forest and steppe in Mongolia and to detect 17 driving ecological factors of forest occurrence and vulnerability against environmental change. With 18 respect to anomalies in extreme years we integrated the climate and land cover data of a 15 year 19 period from 1999-2013. Forest distribution and vegetation vitality derived from the normalized 20 differentiated vegetation index (NDVI) were investigated for the three ecozones with boreal forest 21 present in Mongolia (taiga, subtaiga, and forest-steppe). In addition to the entire ecozone areas, the 22 analysis focused on different subunits of forest and non-forested areas at the upper and lower 23 treeline, which represent ecological borderlines of site conditions. 24
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The total cover of boreal forest in Mongolia was estimated at 73,818 km 2 . The upper treeline 25 generally increases from 1,800 m above sea level (a.s.l.) in the Northeast to 2,700 m a.s.l. in the 26
South. The lower treeline locally emerges at 1,000 m a.s.l. in the northern taiga and is rising 27 southward to 2,500 m a.s.l. The latitudinal trend of both treelines turns into a longitudinal trend in 28 the east of the mountains ranges due to more aridity caused by rain-shadow effects. Less vital trees 29 were identified by NDVI at both, the upper and lower treeline in relation to the respective ecozone. 30
The mean growing season temperature (MGST) of 7.9-8.9 °C and a minimum of 6 °C was found to be 31 a limiting parameter at the upper treeline but negligible for the lower treeline and the total 32 ecozones. The minimum of the mean annual precipitation (MAP) of 230-290 mm y -1 is an important 33 limiting factor at the lower treeline but at the upper treeline in the forest-steppe ecotone, too. In 34 general, NDVI and MAP are lower in grassland, and MGST is higher compared to the forests in the 35 same ecozone. An exception occurs at the upper treeline of the subtaiga and taiga, where the alpine 36 vegetation is represented by meadow mixed with shrubs. Comparing the NDVI with climate data 37
shows that increasing precipitation and higher temperatures generally lead to higher greenness in all 38 ecological subunits. While the MGST is positively correlated with the MAP of the total ecozones of 39 the forest-steppe, this correlation turns negative in the taiga ecozone. The subtaiga represents an 40 ecological transition zone of approximately 300 mm y -1 precipitation, which occurs independently 41 from the MGST. Nevertheless, higher temperatures lead to higher vegetation vitality in terms of 42 NDVI values. 43 Biogeosciences Discuss., https://doi.org/10.5194/bg-2017-220 Manuscript under review for journal Biogeosciences Discussion started: 10 July 2017 c Author(s) 2017. CC BY 3.0 License.
Introduction 50
Due to the highly continental environment in northern Central Asia, Mongolia is subjected to dry and 51 cool climate conditions. The landscape and vegetation development is highly sensitive to changes in 52 temperature and/or precipitation. However, this is not a uniform phenomenon throughout the entire 53 region. The intensity and impact of climate parameters on vegetation is strongly varying in space and 54 time caused by different factors like topography, latitude and air circulation. Corresponding to the 55 change of the climatic conditions from cold semi humid in the north to arid in the south a latitudinal 56 zonation of the vegetation occurs, which is modified by an altitudinal zonation in the mountainous 57 landscape (Hilbig, 1995) . From north to south, these vegetation belts include taiga, subtaiga, forest-58 steppe, steppe, and the Gobi desert. Taiga, subtaiga, and forests in the forest-steppe ecotone 59 represent the southern edge of the Eurosiberian boreal forest, whereas the steppes are part of the 60
Mongolian-Chinese steppe region. The distribution of the different vegetation belts, ecozones, and 61 treelines is controlled by air temperature, evapotranspiration, and precipitation (Walter and Breckle, 62 1994) . Moisture conditions are regarded to be a main limiting factor for the distribution of the desert 63 and steppes ecozones as well as for the lower boundary of mountain forests at the transition to 64 drylands. In contrast, thermal conditions control the upper treeline and the alpine ecozone (Körner, 65 2012; Klinge et al., 2003 Klinge et al., , 2015 Paulsen and Körner, 2014) . Both, the upper and the lower treeline of 66
Mongolia's boreal forests represent an obvious visual boundary between biomes of highly different 67 ecological requirements, though their actual state can be strongly influenced by human impact 68 (Klinge et al., 2015 Biogeosciences Discuss., https://doi.org/10.5194/bg-2017-220 Manuscript under review for journal Biogeosciences Discussion started: 10 July 2017 c Author(s) 2017. CC BY 3.0 License.
The Study Area 183
Mongolia is situated in northern Central Asia in the transition zone between the Siberian taiga in the 184 north and the Gobi desert in the south ( are primarily limited to north-facing slopes, the southern slopes are covered by steppe vegetation 215 (Treter, 1996) . The southern part of Mongolia consists of desert steppe and sparse desert vegetation. 216
Sand dunes, as well as playas and takirs, which consist of salty and clayey sediments remaining from 217 evaporated water in episodically existing lakes in basins of interior drainage, are widely distributed. 218
In the high mountains, dense alpine meadow vegetation occurs between forest-steppe and the 219 periglacial zone of frost debris. The main perennial rivers are accompanied by floodplain meadows 220 and alluvial forests (Hilbig, 1995) . 221
Missing forestry management and extensive forest use by tree cutting and wood pasture led to 222 forest degradation and local deforestation in many regions of Mongolia during the last decades 223 (Tsogtbaatar, 2004 
Methods 228
An overview of the complete analysis process is illustrated in figure 2, while the single steps are 229 described in detail below. The spatial resolution of the various basic data sets is presented in figure 3 . 230
The forested area was mapped for Mongolia and its surroundings using a maximum likelihood to reduce the minimum distance between the upper treeline and more highly elevated non-forested 245 areas to only 10 m to prevent large areas above the forests from being excluded. After visual proof 246 and deletion of strong outlying points, a final number of 7,081 points for the UT and 5,220 for the 247 lower treeline (LT) were used for the interpolation of the treeline surfaces applying the natural 248 neighbor method (Watson, 1992) . Subsequently, the vertical distance of the treelines, the area above 249 and below the treeline were calculated. A buffer of 1000 m around these areas was chosen to 250 represent the treeline boundary area, because this distance meets the spatial resolution of the Spot 251 VGT and climate data (Fig. 3) . 252
The distribution of the different ecozones was adapted from Gunin and Vostokova (2005) . At several 253 places the map does not match the position of the landscape elements represented in the remote 254 sensing data. Thus, these spatial deviations were corrected to the positions of the latter. The 255 different vegetation units were generalized to the main ecozones (desert, desert steppe, steppe, 256 forest-steppe, subtaiga, taiga, alpine vegetation). Forests of floodplain areas, which are 257 hydrologically favored by groundwater, were excluded from this analysis. When forest areas were 258 found in steppe regions, those parts were changed into forest-steppe. In the upper mountains where 259 the strong disparity between north-facing slopes with forest and south-facing slopes with steppe 260 dissipates, the areas with slopes covered by forests in every direction were reclassified as mountain 261 subtaiga. Subsequently, the mapped forest areas were combined with the ecozones to achieve a 262 spatial differentiation between forested area and open grassland within the total ecozone (TE) of the 263 forest-steppe, subtaiga and taiga. These three ecozones comprise the area under investigation in the 264 present study. In addition, the mapped forest area was combined with digital tree spices maps 265 provided by the NAMHEM, Ministry of Nature, Environment and Tourism, Mongolia (2009) Up to 3000 random points for both, forest and grassland area in the three ecozones and at the upper 285 and lower forest boundary were chosen for statistical analysis (Tables 1, 2 ; Fig. 4 ). The total number 286 of random points was reduced for treeline subunits which have only a small spatial distribution to 287 prevent a too large point density. While the subtaiga is bordering to the meadow-steppe, the lower 288 treeline seldom occurs in the taiga zone, because the precipitation input in these regions is mostly 289 high enough for tree growth. For the region of Mongolia, this is true for the large basins and valleys. 290
Nevertheless, at smaller intermountain basins and smaller valleys, which are rain shadowed by the 291 surrounding mountains, a lower forest boundary is detectable. When including the isolated lower 292 treeline values into the interpolation process, the lower treeline surfaces passes the larger valleys 293 where extensive forest occurs beneath it. These areas are excluded from the treeline analysis. 294
For each of the three forest-bearing ecozones (forest-steppe, subtaiga, taiga), first, the total area 295 (total ecozone, TE) is considered, then, the TE is divided into forest (f) and grassland (s) and further 296 reduced to the 1 km boundary area of both treelines (LT, UT environmental range with respect to the ecology of the entire ecozone. In contrast, the treelines 306 represent boundaries of forest distribution at the ecological limits and it is hypothesized that changes 307 in climate or environmental conditions at these boundaries lead to an alteration of the treelines. 308
Results 309

Treeline distribution 310
The actual total area of Mongolian southern boreal forest was estimated at 73,818 km 2 (Dulamsuren 311 et al., 2016) . The spatial ratio of forested areas related to the total ecozone areas and in the 1 km 312 boundaries at the treelines are given in Table 3 . While the approximate forest portion is 40 %, low 313
forest densities occur at all LTs and in the TE of the forest-steppe. (Fig. 5a ). In the southwestern side of the 325 MA the UT increases steeply from 2100 to 2600 m a.s.l. in a northeastern direction. In the large 326 mountain systems of the MA and KaM the UT stays in a relative constant altitude between 2400 and 327 2600 m a.s.l. Northeast of KaM, the UT has an explicit longitudinal direction and a UT depression of 328 up to 800 m occurs in the basin of the Selenga River. It was verified using the forest cover change 329 data of Hansen et al. (2013) that the extraordinary low UT in 1800 m a.s.l. is not related to burnt 330 forest. Large areas below the LT exist in the great basins and along the main river valleys, but they 331 are also present in the intermountain basins (Fig. 5b) . In northern Mongolia, the LT disappears in the 332 large valleys and forests extend continuously into the valley bottom. However, a distinct LT is still 333 present in intermountain basins. Concordant with the increasing aridity the LT is generally rising 334 southward from 1000 to 2500 m a.s.l. in eastern Mongolia. The steep gradient of >1200 m height at 335 the north-and southwestern edges of the Altai Mountains is due to the enhanced capture of rainfall 336 at the western ranges of the Altai and the increasing aridity in the MA. 337
The potential forested area in central Mongolia, which is left between the resulting large areas 338 beyond the treelines, is small from top-down view. However, the spatial expansion of forests has a 339 particular vertical component (Fig. 5c) . The altitudinal extension of the forest belt reaches its highest 340 amount of up to 1000 m in the northwestern subtaiga and taiga regions. In the mountain forest-341 steppe of the central MA, the western KaM, and in the mountains at Lake Khuvsgul, the altitudinal 342 extension of forests decreases below 400 m. In the southeastern part of the MA, the UT and LT 343 converge and the forest belt thins out so that the steppe directly passes over to the alpine zone. Due 344 to the extraordinary low UT, thin forest belts also occur in the area northeast of the KaM and in the 345 southwestern part of KeM. This can be related to human impact by wood cutting in a more 346 populated region. Main precipitation is transported by the westerlies and while the western side of 347 the Altai Mountains is humid, the dry central MA and the Valley of the Great Lakes, which is located 348 east of the MA, are directly situated in its rain shadow. This causes an extraordinary high LT and the 349 small vertical extension of the forest belt in this region (Klinge et al., 2003) . The southern side of the 350 KaM is still arid, but its northern part and particularly the KeM receive more precipitation coming 351 from the northeast along the Selenga river depression. The tree species composition of the different 352 ecozones and subunits is given in Figure 6 . Siberian larch (Larix sibirica) is the dominant tree species 353 in Mongolia. However, the cedar (Pinus sibirica) fraction increases particularly at the UT of the 354 subtaiga and taiga where the precipitation limit is less important. Additionally, birch (Betula 355 platyphylla), aspen (Populus tremula), and pine (Pinus sylvestris) trees are occurring at all LTs. 356
Climate parameters of different ecozones 357
The zonal statistics for the climate parameters and MGS-NDVI in different ecozones and subunits are 358 given in Table 1 and the correlation matrix between MGS-NDVI, MAP, MGST, and MGSR is presented 359 in Table 2 . Fig. 4 illustrates the frequency distributions and linear regressions between these 360 parameters. The average MAP of the TE forests generally increases from 266 mm y -1 in the forest-361 steppe to 339 mm y -1 in the subtaiga and 357 mm y -1 in the taiga (Table 1) . Due to the hydrological 362 limitation, the MAP at the LT is lower than the respective average of the TE. This is also true for all 363 forest subunits at the UTs, where the MAP is about 30 mm y -1 lower than the mean average of the TE 364
forests. This aspect is due to the lower temperatures in higher mountains, which reduce the 365 Biogeosciences Discuss., https://doi.org/10.5194/bg-2017-220 Manuscript under review for journal Biogeosciences Discussion started: 10 July 2017 c Author(s) 2017. CC BY 3.0 License. evapotranspiration pressure. Interestingly, the average MAP at the UT of the forest-steppe is even 366 lower than at the LT. However, sites with extremely low MAP below 190 mm y -1 (Fig. 4a ) must be 367 related to additional water supply. The grassland has predominantly lower mean values of MAP than 368 the forests of the corresponding subunit. This general trend inverts at the UTs of the subtaiga and 369 taiga, while there are nearly equal values at the LTs of the forest-steppe and taiga. 370
The average MGST in all three TEs are very similar between 11.0 and 11.7 °C. However, the maximum 371 of 16 °C in the taiga is lower than in the forest-steppe and subtaiga where it is up to 18 °C (Fig. 4b) . 372
While all mean values of MGST at the LTs equate to the TE values, the UTs show frequency maxima 373 of the MGST between 7.5 and 8.9 °C (Table 1) . With the exception of the UT in the subtaiga and taiga, 374 in all subunits, the grasslands have similar or slightly higher temperatures as the forests of the same 375 unit. This phenomenon of an inversion of the general trend at the UT of the subtaiga and taiga occurs 376 simultaneously to the MAP. Here, the grassland is not represented by mountain meadow steppe but 377 by alpine shrub and meadow vegetation, which is provoked by a cold but more humid climate. The 378
MGST of all TEs and LTs shows similar frequency distributions with wide value ranges and slightly 379 higher values at the LTs (Fig.4b) . However, the narrow and uniform frequency distributions of all UTs 380 indicate that the MGST is the main controlling parameter for forests distribution at the UT with an 381 absolute minimum value of 6 °C. A considerable portion of MGST at the UTs occurs between 10 and 382 13 °C, which is marginal in the forest-steppe and subtaiga but becomes more important in the taiga. 383
Relationship between climate and NDVI in different ecozones 384
The mean values of MGS-NDVI in Table 1 show only slight variation between the ecozones and  385 subunits. The values increase from forest-steppe to taiga and are higher in the forested area 386 compared to the grassland of the same subunit. The inverse trends of relation between forest and 387 grassland of the same subunit, which occur for MAP and MGST at the UT of subtaiga and taiga, do 388 not exist for the NDVI. The frequency distributions of MSG-NDVI for the subunits in the forest-steppe 389 are nearly similar but clearly separated in the other ecozones (Fig. 4c) . The UTs have the lowest and 390 the TEs have the highest NDVI values, which is generally due to less favorable ecological site 391 conditions at the forest boundaries. In Table 2 most of the TEs show good correlations between NDVI  392 and the climate parameters (r = 0.44-0.71), with an obvious exception of the MAP in the taiga TE. 393
Linear regressions of the relief parameter MGSR are omitted in Fig. 4 , because MGSR is only weakly 394 correlated to the NDVI in all subunits. 395
In accordance with the correlation coefficients given in Table 2, the linear fit of the regressions  396 between MGS-NDVI, MAP, and MGST, which are shown in Fig. 4 , illustrates the relationship and 397 potential susceptibility of the ecozones and corresponding treelines to changes in climatic conditions. 398
There are mostly low correlations between MGS-NDVI and MAP at most subunits. The only 399 exceptions are the TE and the LT of the forest-steppe and particular the LT in the forest subunit of 400 the taiga. However, the gradients of linear regression indicate potential relations between NDVI and 401 MAP for all LTs and particularly for all subunits in the forest-steppe (Fig. 4a) . Both, the correlation 402 values and the linear regressions between MGS-NDVI and MGST (Fig. 4b) correlations with the NDVI, while the combination of all three parameters only leads to a marginal 411 improvement (Table 2) . 412
The high positive correlations between MAP and MGST and the high negative correlation between 413
MGST and MGSR in the TE and at the LT of the forest-steppe indicate a specific environmental 414 interrelation and potential auto-correlation effects between these two climate parameters in the 415 semiarid climate zone. This is due to the fact that in the forest-steppe the increasing atmospheric 416 vapor pressure deficit, which results from higher temperatures, must be compensated by more 417 precipitation, on the one hand, and by less solar radiation input, on the other hand. However, the 418 weak correlation between MAP and MGST in all subunits of the subtaiga and taiga indicate a climate 419 independent factor. This is notably attributable to permafrost distribution as a supplemental 420 ecological parameter, which is not included in our regression models but modifies the soil 421 hydrological regime. Regression gradients between MAP and MGST of the TEs change from the 422 strong positive trend in the forest-steppe into a less precipitation-dependent trend in the subtaiga 423 and then into a negative trend in the taiga (Fig. 4d) . The increasing MAP produces more humid 424 climate in the taiga and makes vegetation vitality in the TE less dependent on precipitation limits. 425
Low temperatures as zonal climatic parameter become a dominating limit for tree development 426 towards higher latitudes. Concordant to the transformation of ecological conditions, the 427 physiological constitution of trees and the tree species composition changes from drought-adapted 428 to low-temperature adapted but more drought sensitive individuals. 429
Discussion 430
The lower boundaries of the distribution curves (Fig. 4a) and the standard deviation of the MAP 431 (Table 1) indicate that an approximate MAP of 190 mm y -1 can be regarded as the minimum amount 432 of direct rainfall for tree development in Mongolia. Sites with lower MAP values, occurring in parts of 433 the forest-steppe, are favored by additional soil water supply from upslope area or melting 434 permafrost ice, which can support tree growth under these dry conditions (Dulamsuren et al., 2014) . 435
The annual amount of precipitation is highly varying in the steppes region and the permafrost layer 436 aids to bridge dry years by accumulating soil water during more humid years (Sugimoto et al., 2002) . 437
The vegetation vitality as expressed by the NDVI is generally lower in the forest-steppe than in the 438 subtaiga and taiga. This fact proves the extreme ecological limitations of the forest-steppe ecotone. 439
The recently emerging margins of dead trees around the forest islands are apparently induced by the 440 trend of increasing temperature, insufficient precipitation, and missing soil water storage from 441 disappearing discontinuous permafrost. The correlation between NDVI and MGST at the UT is strong in the taiga and subtaiga regions (Table  453 2). At the UT of the forest-steppe region, precipitation is a concurrent limiting factor at higher 454 elevations. While a MGST of 6 °C tends to be the general minimum temperature for tree growth in 455 the study area, at some places at the UT of the subtaiga, trees occur at MGST as low as 4 °C (Fig. 4b) . 456
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At these locations, the low MGST is associated with high MAP of roughly 350 mm y -1 (Fig. 4d) . At the 457 low temperature range between 6-8 °C, the linear regressions between MAP and MGST at the UT 458
show that, at these cold sites, different MAP conditions exist simultaneously for the different 459 ecozones (Fig. 4d) . In the forest-steppe at 6 °C MGST, MAP is approximately 200 mm y -1
, whereas it 460 amounts to c. 320 mm y -1 in the subtaiga and 400 mm y -1 in the taiga. This combination between 461 both low precipitation and temperature is most extreme at the LT of the forest-steppe. In the range 462 of 6-8 °C MGST, MAP tends to be below the tree growth minimum of 190 mm y -1
, which emphasizes 463 again the impact of permafrost, as the permafrost is also associated with low temperatures. 464
Differing frequency distributions show that the NDVI at the UT and LT is generally lower than in the 465
TEs of the taiga and subtaiga, except for the forest-steppe (fig 4c) . We conclude that rising temperatures induced by global warming will finally lead to less tree vitality 490 and forest degradation in the forest-steppe, subtaiga, and taiga as well. Even a simultaneous increase 491 of precipitation will be consumed by more evapotranspiration. The observed recent increase of 492 forest greening indices from remote sensing data and stemwood increment found in several places is 493 combined to increasing summer temperature but also promoted by additional soil water supply from 494 melting permafrost. However, disappearing permafrost and increasing drought stress on less 495 drought-tolerant trees can subject hazardous distortion to forests in the future. For all LTs and for 496 the TE of the forest-steppe, rising temperatures will lead to tree mortality, the reduction of forested 497 area, and shifting of the LTs. Even a contemporaneous increasing precipitation cannot totally 498 compensate for the disappearing permafrost because this leads to insufficient soil water during dry 499 years. The existence of the widespread dead tree margins at forest islands proves that this trend is 500 already ongoing concurrent to the temperature increase during the last decades. Biogeosciences Discuss., https://doi.org/10.5194/bg-2017-220 Manuscript under review for journal Biogeosciences Discussion started: 10 July 2017 c Author(s) 2017. CC BY 3.0 License.
